A numerical wave tank based on OpenFOAM was developed to investigate internal solitary waves. The interface of fluids was captured by VOF method. In this paper, comparisons between numerical results and different theoretical solutions were made to evaluate the performance of the numerical wave tank. The result shows that it is a feasible way to further explore the behavior of internal solitary waves by numerical wave tank based on OpenFOAM.
Introduction
Internal waves (IWs) exist at the interface of the density stratified ocean. As a kind of IWs, an internal solitary wave (ISW) usually has a significant leading waveform with minor trailing oscillations [1] . A large ISW often causes strong shear flow which can affect the safety of offshore structures. For example, an ISW once observed in the South China Sea had an amplitude of 170m with the velocity difference exceeding 3.4m/s between the upper and lower layer [2] . Therefore, it is of great importance to study the behavior (e.g. generation, propagation, dissipation) of ISWs.
Over the past several decades, many researchers have conducted laboratory experiments and numerical studies to investigate the behavior of ISWs. Kao et al. [3] investigated experimentally the evolution and breaking of an ISW as it propagated to a shallower shelf region. In their experiment, the gravity collapse method was first used to generate an ISW. Wessels and Hutter [4] studied the propagation of ISWs in the wave channel by double-piston wave-making method. Chen et al. [5] simulated the propagation of IWs over various topographies in ANSYS Fluent. Zhu et al. [6] developed a numerical internal wave tank by immersed boundary method and the wave profile agreed well with the analytic solution.
OpenFOAM (for "Open source Field Operation And Manipulation") is a C++ toolbox for the development of customized numerical solvers including computational fluid dynamics (CFD), which has been used for a wide range of applications in recent years. Lambert [7] developed a numerical wave tank using OpenFOAM and the simulation was shown to be able to replicate the experimental values within a good degree of accuracy. Davidson et al. [8] conducted wave energy experiments by implementation of an OpenFOAM numerical wave tank. Therefore, it is a feasible way to investigate the behavior of ISWs using OpenFOAM.
To investigate the behavior of ISWs, a numerical wave tank based on OpenFOAM was developed in this paper. The gravity collapse method was used to generate an ISW and the profile of ISWs obtained by the volume of fluid (VOF) method was compared with theoretical solutions.
Theoretical Background of ISWs in a Two-Layer Fluid System
At present, there are mainly three equations for describing the shape of ISWs [9] . The numerical results were compared with the predictions from these three theoretical models. .
The governing equation of ISWs is based on the assumption that the fluid is inviscid and incompressible, the flow is potential, and the rigid-lid hypothesis is employed for the free surface.
The dispersion parameter is defined as:
where h is the total depth of the fluid,  is the characteristic wavelength of the internal wave. When 1   , the MCC solution of the internal wave under the stationary state can be obtained [10] as:
For the parameters in the above equation,  is the interface elevation, a is the amplitude, i  and i h are the density and thickness of the upper or lower fluid respectively.
1 a , 2 a are the solutions of the equation:
According to above equations, the MCC solution of the interface can be computed. When the nonlinear parameter / 1 a h    , the equations can be simplified to KdV equation [10] :
The solution of the KdV equation is   
When considering the item with the order of 
And the solution of eKdV equation is 
In this paper, the KdV, eKdV and mKdV equations were employed as the reference values to compare with the numerical results.
Numerical Method Governing Equation
This research is conducted using 
where t is time, u and w are the velocity components in the x and z directions, P is the pressure,  is the fluid density, and  is the dynamic viscous coefficient. The VOF method [13] is used to trace and locate the instant air-liquid and the interface between two liquid layers. In brief, the following equation is used:
where ( ( , ), ( , )) v u x z w x z  and q  is a fraction function used to define and calculate the volume ratio of q-phase fluid in the computational mesh.
Model Setup
An ISW is generated using the gravity collapse method [3] . The size of the numerical wave tank is set as
. The number of grids is 250 80  in x and z directions, respectively. The left side, right side and bottom of water tank are impermeable solid boundary with assumption of nonslip conditions and the top side is set as pressure-inlet boundary with total pressure set to be a constant value. In order to simulate the free surface (i.e. air-water interface), a three-layer stratified fluid system (air-silicone oil-water) is set and the schematic diagram of the wave tank and the properties of fluids are shown in Fig.1. 0,1,2 h is the layer thickness, 0,1,2  means the density and 0, 
Results
The wave profiles of three simulation cases are extracted at the middle of the numerical wave tank, where the waveform is stable. As shown in Fig 2-4 , wave profiles are compared with the solutions of KdV, mKdV and eKdV. For the three cases in the simulation, numerical results of the internal wave tank exhibit a good agreement with the eKdV theory except for the oscillatory wave tails which were also observed in laboratory experiments [14] . The waveform is broader than the eKdV solution and narrower than the mKdV solution. The relative errors between the theoretical predictions and the numerical results corresponding to the three cases in Fig. 2-4 are shown in Fig. 5-7 . Table 1 lists the mean relative error between the numerical waveform of three cases and theoretical solutions. For eKdV and mKdV solutions, the mean relative error is less than 8% in all three cases, whereas the KdV solution shows a relatively great deviation and the mean relative error becomes greater with the increase of amplitude of ISWs. It can be seen that both eKdV and mKdV solutions agree well with the simulation results.
Summary
Internal solitary waves exist at the interface of the density stratified ocean, which constitute a large movement of ocean water, and they are of great interest in various fields such as biology, military, engineering, and environmental studies. In this paper, a numerical internal wave tank is developed based on OpenFOAM by gravity collapse method. The wave profile is in good agreement with theoretical solutions. This paper shows a feasible way to investigate internal solitary waves using OpenFOAM, which can be further applied to the study of the ISWs behavior and its interaction with offshore structures.
